Abstract: An integrated passively mode-locked waveguide laser generating 440-fs pulses at 394-MHz repetition rate is demonstrated on an 18 × 44 mm silica waveguide chip. The laser self-starts, and uses a saturable Bragg reflector for mode-locking.
Introduction: High repetition rate sources of femtosecond laser pulses are necessary for a variety of applications including optical arbitrary waveform generation, frequency metrology [1] and ultrafast sampling [2] . Passive modelocking enables low jitter femtosecond pulses while alleviating the need for an external microwave oscillator. In the past, both polarization additive-pulse mode-locking (P-APM) and/or saturable Bragg reflector (SBR) mode-locking [3, 4] have been used with fiber and waveguide lasers, with the latter leading to more compact cavities and fewer required components. Recent experimental demonstrations of high repetition rate fiber lasers based on the SBR approach achieved repetition rates as high as 3 GHz [5] and a timing jitter as low as 37 fs in the frequency range [1 kHz, 10 MHz] [6] . Nevertheless, integrated versions of such lasers have the additional benefits of being massproducible with reduced footprint, and increased stability. Early attempts of passively mode-locked lasers using an erbium-doped waveguide (EDW) as a gain medium and an SBR as a mode-locking element were limited to lower rep rate and picosecond pulse operation [7, 8] . Femtosecond operation of such lasers [9] was only achieved by employing nonlinear polarization rotation mode-locking, which is difficult to integrate. In addition, in all of these cases the cavity comprised free-space optics in between the SBR and the EDW. In this paper, we demonstrate a 394 MHz, self-starting, passively mode-locked femtosecond laser based on planar silica waveguide technology. The laser generates 440 fs pulses with an average output power of 1.2 mW for a pump power of 400 mW.
Experimental results:
The experimental setup is depicted in Fig. 1 . The laser cavity consists of a 5 cm section of erbium doped alumino-silicate waveguide with a group-velocity dispersion of 30 fs 2 /mm. A 20 cm section of phosphorous-doped silica waveguide with a dispersion of -25 fs 2 /mm is used to obtain a net anomalous intracavity dispersion to enable soliton mode-locking [10] . The Er-doped section and the P-doped silica-glass section have a effective mode area of 10 ȝm 2 and 40 ȝm 2 , respectively. A loop mirror is used at one end to provide 10% output coupling, while the other end is butt-coupled to an external SBR. The SBR is a commercial unit with 14% modulation depth, a 2 ps recovery time, and a saturation fluence of 25 ȝJ/cm 2 . Pump power is provided by an external 980 nm laser diode coupled into the waveguide chip. The laser was operated with 400 mW of cavitycoupled pump power; the intracavity signal power was measured to be 12 mW, corresponding to a 30 pJ intracavity pulse energy. The output pulses with an average power of 1.2 mW are then amplified to 18 mW using an EDFA (980 nm pump, 350 mA), detected using a 10 GHz photodiode, and measured with a 500 MHz sampling scope and a signal source analyzer (Agilent E5052). 
Conclusion:
We demonstrated a stable, passively mode-locked integrated femtosecond waveguide laser with an SBR as a mode-locking element. The laser generates 440 fs pulses at 394 MHz, with the cavity being composed of a 5 cm section of erbium-doped alumino-silicate waveguide and a 20 cm section of P-doped silica waveguide for dispersion engineering. Such a design provides a compact and robust integrated low-jitter femtosecond source without the need for driving electronics for active modulation. The laser provides good stability in a simple and potentially scalable design. No polarization control or active stabilization is required, and the laser is self-starting. Higher repetition rates can be achieved by further reducing the cavity length while optimizing the pumping scheme. 
